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Motivation
Apparatus: Tevatron and DO

QCD Measurements in pure Hadronic Final States
® [nclusive Jets and o extraction

® Three-jet cross sections and 3/2 jet ratios

QCD Measurements involving Vector Bosons + Jets

QCD Measurements of MinBias, Multiple Parton and
Elastic Interactions

Summary and Outlook
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Three Main Mot

® Test perturbative QCD

® Explore new kinematic regimes

Ratio to MSTW 2008 NLO

® provide important inputs to PDFs

® Search for New Physics
® resonances can show up in jets too!
® use SM as a guide

® Measure important backgrounds to New Physics

e N(N)LO predictions not available for many ‘orocesses of
interest, particularly those with large jet multiplicities and
heavy flavor components => data measurements crucial

New Physics share signatures with irreducible background
that are currently being pinned down.

Interplay between fragmentation models, tunes, PDFs and
scale choices needs to be understood to model SM
backgrounds
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Gluon distribution at Q% = 10* GeV?
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Higgs

® SM Higgs Search driving
extension of Tevatron run

Tevatron Run Il Preliminary, L=2.0-5.4 fb™
WA T L T ] ‘ LT L
consy LEP Exclusion Tevatron.
0 Exclusion

99999 Expected f g

=—  Observed TR . < B _— i

® Sensitivity improves primarily

by adding data

95% CL Limit/SM
=)

® Dominant systematics are
from V+jets cross sections
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Tevatron and D

. Tevatro n B e n e rgy frO n ti e r Forward Mini-drift Central Scintillator Forward Scintillator
chambers

® 396 ns. bunch spacing ol
e collisions at \s = 1.96 TeV b

® scheduled to run through 2011

—

i ; |
| nnmyl‘
zﬁ
IJJ ...... e L:| . \ﬂ

.
| o v
B = .-
-5 |— .‘-.—.-.. ,«..-u. ST _L..',..“
AR w@/’“ |8 l:l o AU R
-] ! ! | | i
T i : ‘-‘ -
iy i} H;E HL_JA 1l
[ B e P Y R [ e e R A O e
T T A A A A A R S R T R S

New Solenoid, Tracking System
Si, SciFi,Preshowers

+ New Electronics, Trig, DAQ

Booster . +Vs=1.96 TeV

" JP- DG = ® Do - Liquid Argon and Uranium
: . SREE Scintillator sampling calorimeter

O hedg. T i @ Silicon Microstrip (upgraded for
§ P Run2b) and Fiber tracking

p source

Tevatron

; i Main Injector

&Recycler = g  © (Good muon coverage |n| < 2

® 2T magnetic field
n = -In(tane/2)
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DY Detector Hi

High-performance n-oo
\ : -
END CALORIMETER \\\\\\\ C a l O FiIm ete I

Outer Hadronic
(Coarse)

Middle Hadronic
(Fine & Coarse)

CENTRAL [ DO Run Il Jet Resolution
CALORIMETER .~
Electromagnetic -8 0.8 fb-1

) ) =
Inner Hadronic Fine Hadronic

(Fine & Coarse) Coarse Hadronic 0.2

Electromagnetic

0.156

Calorimeter resolutions: N | Hermetic, |n|<4.2
EM: .17/VE, HAD: .45/NE ;

— Jet resolutions: 19-6%

in the central calorimeter

008 | No serious degradation
100 150 200 250 yet Observed
[GeV)

Forward Proton Detector (FPD)
Scattered antiprotons Scattered protons o8 qu adru pole

g spectrometers per side
“Magnets . *2 detectors per side
- escintillating fiber hits for
Quadrupole P SeparE track reconstruction
Magnets Ex ereconstruct t = -(pi-py)?

- t|> 0.8 GeV?
0Om 8




Tevatron and DO

Collider Run Il Peak Luminosity
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4 Peak Lumimosity  #Peak Lum 20x Average

® peak inst. luminosities have
recently reached 4E32

® data taking efficiency
regularly >90%

® add an 1fb! every ~4 months
of continuous running

w Daily Data Taking Efficiency
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Hard QCD Pr

Tevatron extends kinematic reach _
to broader x values at high QQ? Ems =

| ZEUS

Hard partonic scattering "] CDE/DD.Inclusivejes <07

& DO Inclusive jets n<3

Sensitive to strong coupling F Fised TorgetBapertments:
CCFR, NMC, BCDNMIS,
constant &

E665,SLAC

Parton density functions (PDFs)
® unique sensitivity to high-x gluon
Dynamics of interaction test

® validity of approximations, e.g
NLO pQCD

® for new physical phenomena
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outgoing parton(s)

h' h inclusive jets (p+. y)
g p dijets (M., y)
T i’
| \> v, di-y, v + jet
(Z°, W*) + jet
top + anti-top

proton @ Q 3 anti-proton

/ hard interaction

outgoing parton(s) (quark, gluon, v, Z° Wi)

QCD at DO -- June 22, 2010



outgoing parton(s)
hard radiation
Y + n-jet
(Z°, W) + n-jet
multi-jet production

proton G | anti-proton

outgoing parton(s)
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outgoing parton(s)
hadron-hadron ®
physics ‘

proton anti-proton

@-.5‘; . .«‘m

‘o
..“.‘
v

nard process (2 or more partons)
SR/FSR

nadronization / fragmentation

@ underlying event

outgoing parton(s)
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® Jet Finder: DO Runll Midpoint Cone Algorithm
® Jet calibration: Jet Energy Scale (JES)

® Heavy-flavor jet identification

® Data are corrected to particle level
® Acceptance and Efficiencies

® Particle level measurements are compared to NLO theory

® NLO theory is corrected to particle level using parton shower MC
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Jet Finder

DO Runll Midpoint Cone Algorithm

“particle” = {experiment: calorimeter towers / MC: stable particles / pQCD: partons}

three parameters: Rcone = 0.5 or 0.7, prmin = 8 GeV,  overlap fraction f = 50%

® Use all particles as seeds

— make cone of radius AR = /(Ay? + A¢p?) < Rene around seed direction
— proto jet: add particles within cone in the “E-scheme” (adding four-vectors)
— iterate until stable solution is found with: cone axis = jet-axis

® Use all midpoints between pairs of jets as additional seeds —> infrared safety!!!
— (repeat procedure as described above)

© Take all solutions from the first two steps:
— remove identical solutions
— remove proto-jets with p7jee < P71 min
® | ook for jets with overlapping cones:

— merge jets, if more than a fraction f of pr;.. is contained in the overlap region

— otherwise split jets: assign the particles in the overlap region to the nearest jet
(— and recompute jet-axes)
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Jet ID Optimiz

N
=

e Vertex Confirmation: requires
that the jet is associated with the
primary vertex

calorimeter jet

® require minimum number of
tracks point to primary vertex

® puta minimum requirement on
the charged particle content of
the jet

® Pro: reduces the minbias jet
contamination at low pr

parton jet

® Con: not usable in far forward
region where tracking is poor

)
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JES Calibration

Corrects jet energy from Ecal _ (O O:offset energy

calotrimet(:f rlneasureme"t Eparticle — R: calorimeter response
D[R E R R-S5 S: detector showering

"~ L}
== Tatal Showerng
Respanse Offset

Offset energy includes

T "o T
e Tt} Showernng
Hesporse Offent

-
o
™y

Correction
O

Correclion

electronics noise

'y

-t

k=) N 2

T T Y
'

calorimeter noise from uranium decays 4 = 5an -

DO Runll
10 e

-

R..=07 ¢

pileup from previous bunch crossings e

energy from multiple collisions during one bunch crossing

Response R gives average fraction of measured calorimeter energy for the particles
inside the particle jet cone: determined from y+jet events

Showering S is the net flow of energy in and out of the jet cone due to detector effects

D@ Run |l
Rosne =07, m_ =20

—Total  -'-Showering
- - Response Offset

——
D@ Run I
Reone = 0.7, nlw =0.0

— Total - - Showering
- - Response Offset

W
&)

JES Fractional

Uncertainties:
1.2-2.5%

Fractional uncertainty (%)
Fractional uncertainty (%)

200 300 400 60 70 80 90 100
pcorr (GeV) pcorr (GeV)

T.jet T jet

k{\,L} aL LY 7T JUIIT L4, VIV | B > 4




Inclusive Jets

jet

antiproton Jet

Sensitive to
gluon content
of the proton

0.1 0.2 0.4
1 l 1 1 1 Ji
inclusive jets: Tevatron Run Il
ly|<0.4

qq — jets -

gq — jets

~

10"E DG Run |I

\s = 1.96 TeV

L =0.70 fb’
Reone = 0.7

— NLO pQCD

+hon-perturbative corrections

CTEQ6.5M p_=p_=p,

y|<0.4 (x32)

0.4<|y
0.8<
1.2<
1.6<

2.0<

forward

<0.8 (
<1.2 (
<1.6 (
<2.0 (
<2.4

central 1% error in jet energy calibration

fractional contributions

- gg — jets
I |

x16)
x8)
x4)
X2) NLO theory is accurate to ~10%
(in the absence of new physics)

I1 00 200
pr (GeV)

steeply falling p; spectrum:

¢ 5-10% (10-25%) error in
central (forward) x-section

benefit from:
* high luminosity in Run I
e increased Run Il cm energy — high p;

" 50 60 100 200

PRL 101, 062001 (2008)

300 400

660 » hard work on jet energy calibration

P, (GeV)
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O extraction

- Inclusive Jet
Cross Section iIs
antiproton = SenSitive tO 0(5

o, (py) from inclusive jet cross section
in hadron-induced processes

O H1
A ZEUS
e DO

o) = <Z “?""> D fi(as) @ falas)

n

+0.0041

(DD combined fit)

0.1

The coupling strength, «s, is scale dependent: &(Mr)

Renormalization Group Equation predicts Pr- _ g 14 E '

dependence = "

Extract o from 22 (out of 110) inclusive jet cross ‘gn Rl % H : 4‘%‘ +

section data points at 50<pr<145 GeV 0.1 = .. | —
— Exclude data points with large influence on 10 1()2

PDF set pr (GeV)

- NLO + 2-loop threshold corrections Very precise & measurement:

- MSTW2008NNLO PDFs (XS(MZ) — O 1161+0.0041
- Extends results from HERA to high p; : —0.0048
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Inclusive Jets: Tev

inclusive jet production

Tevatron sqrt(s)=1.96 TeV
wwee | HC sqrt(s)=14 TeV

Tevatron BRun |l / LHC

0.1 0.2
X1 = 2p+/sqri(s)

PDF sensitivity:
—> compare jet cross section at fixed
Xr = 2 pr / sqri(s)

Tevatron (ppbar)
>100x higher cross section @ all x5

>200x higher cross section @ x; >0.5

LHC (pp)
need more than 2400 fb! luminosity
to improve Tevatron@12 fb!

more high-x gluon contributions

but more steeply falling cross sect.
at highest p; (=larger uncertainties)

Tevatron Results will dominate
high-x gluon for several years
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Trijets and R3/2

Differential cross sections measurements:
e Tests of pQCD at high jet multiplicity e data are corrected to particle level
* Additional opportunities to extract &s @ particle level measurements are compared
to NLO theory
e NLO theory is corrected to particle level
using parton shower MC

°|y|<O. 8
mly|<1.6
Aly|<2.4 (x4

—
o
N
T

do/dM,
2, 3

Illuull IIIIIIl]I IIIIIIuI L

T ' — T T T §
DY Preliminary P, >15o GeV, |y|<2.43
Ap >40 GeV (x2)
.p °570 GeV

T T T l. '. T [ ' i

DJ Preliminary P, >150 GeV P, >40 Gevj
N

oP; >100 GeV

1 (Pb/TeV)

A

|
1 96 TeV .
7 fb R =07

1 cone
Systematic uncertainty

10" E — NLO pQCD-+non-perturbative

3 t

je o corrections, u _u = 1/3 (p +p +pT3)
—— SHERPA '

—h
o
IIIIIII'I] |
2
-
N o
O

— NLO pQCD-+non-perturbative
correctlons u _u = 1/3 (p +p +p
I

06 08 10

\'s =1.96 TeV
L=0.7 fb™, R.one=0-7 -
Systematic uncertainty
TeV

tune A
tune DW
tune BW

=N

L, =07fb"

llfll[lllll‘l[llllll

IIII|III||IIII|III

Prov = 50 GeV Provn = 70 GeV .'bTmm = 90 GeV
| L | L L | 3
100 200 300 500 100 200 300 500 100 200 300 500
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Z->1 + jet + X

+ Z provides colorless probe of collision and hard
scale; study kinematics of hadronic recoil

@, L=1.01b"' .
+ bara virtually

Wz viets background
[l Backgrounds free

Events / GeV
N w
() (@]
o o
o o

+ Z boson decay products (leptons) and jets
measured, calibrated

2000

1500 |

strict muon isolation cuts provide background free ™
data sample

- P
060 70 80 90 100 110 M120

corrections applied for acceptance, trigger losses

data unfolded to particle level

» accounts for detector resolution and efficiency

comparisons to predictions
» NLO pQCD via MCFM

e Pythia hadronization corrections applied
» LO ME-PS models - ALPGEN, SHERPA
» LO PS models - PYTHIA, HERWIG
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Z_|_J ets Z->HUH + jet + X

Phase space:

65 GeV< Mpuu < 115 GeV,
Reone=0.5, priet> 20 GeV ratios relative to Sherpa v1.1.3

IyJ'et| SN0, yH <17 D, L=1.0 1b"

—+-Data
== NLO pQCD + corr.

-+ SHERPA

Cross section as a function of pp/®

—4— Data == PYTHIA Tune P
= HERWIG+JIMMY = =PYTHIA Tune QW

T T TT17T ll

Z provides colorless probe
of collision and hard scale,
study kinematics of
hadronic recoil

Ratio to SHERPA

T llllllll

—
Q
~

65 <M,,<115GeV, ly1<1.7
ot 20 GeV, y*'l<2.8 ' SHERPA scale unc.
N N N P |

T llllllll

Rcone—o 5 p

= N
0 O
o O

- D@ Run I '
- —+— Data == ALP+PY Tune P

- ALP+HER = = ALP+PY Tune QW

—4— Data
— NLO pQCD - =LO pQCD

. — Scale & PDF unc. - - Scale & PDF unc.

T

—_ -
B O
o O

T

v [

g ] - Bt

80 . ..oood =
- . nnD DE -
60- .. ooEEs -

aoF oeEe

201 "Iu'?';' o I
‘ SHERPA scale unc. : SHERPA scale unc.
0O 20 40 60 80 100120140160180200 - , . L 5 . . i

Measured Jet p_ (GeV) 50 100 200 50 100

: : : pr (GeV) P2 (GeV)
mlgratlon matrix Data described Large variations
-> used to unfold data

between Pythia tunes
large migrations, especially at low pr by NLO theory Phys. Lett.B6>;9,278 2008) 26

Particle Jet p_ (GeV)
Ratio to SHERPA
Ratio to SHERPA

A S S JUNIC by mU v




Z+J ets Z->ee + 2jets + X

antiproton

Particle level phase space:  Djrect measurement of jet kinematics with large multiplicities
65 GeV< Mee < 115 GeV,

DO mldelnt Rcone:O.S, ijet> 20 GeV

Bt < 2.5, Incl in pre/]ye| ratios relative to MCFM v5.3 PDF: CTEQ6.6M

MCFM NLO M2 = P2 = pr,z2 + MZ?

DO Run II, L=1.04 fb | —#= Data at particle level =+ Data == PYTHIA SO

w—= MCFM NLO === HERWIG+JIMMY —-=Scale unc.
= PYTHIA v6.416

— Scale unc. Pythia Tune SO

Pythia Tune QW

HERWIG v6.510
+JIMMY v4.31

[1/GeV]
)

O

—
Q
oS

Zly (—ee)+2jets + X||
65 < M,, < 115 GeV|
Incl. in p° / y¢|
T ;
jet

Reone = 0.5, | y*| < 2.5

LI lllll]lllllllllll

X e
lo,, 1" [dp_ (2™ jet)
=

(]
&

MLELLLL BRURELLL R

~+ Data —+ Data ~ SHERPA ALPGEN v2.13

== MCFM NLO == MCFM LO == ALPGEN+PYTHIA  —— Scale unc. +PYTHIA v6.325
— Scale unc. —=— Scale unc. —=— Scale unc.
' SHERPA v1.1.1

+ Large differences
between models

+ Small experimental
1 1 1 1 11 l

30 40 50 60 100 2(;0 40 50 60 100 260 errors’ domlnated by
p. (2™ jet) [GeV] pr (2" jet) [GeV]  statistics

PLB 678, 45 (2009)

L I IIIIIIIIII""I

Ratio to MCF
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/+)ets

Z->ee + 3jets + X

antiproton

Particle level phase space:  Djrect measurement of jet kinematics with large multiplicities

65 GeV< Mee < 115 GeV,
DO mldelnt Rcone:O.S, ijet> 20 GeV
it < 2.5, Incl in pr¥/|ye|

DO Run I, L=1.04 fo'| —#= Data at particle level
== MCFM LO

[1/GeV]

O
’
/
/
/

~

\“i

[
= ~\

Zly (— ee)+ 3jets + X|| “\\
65 < M,, < 115 GeV| \\l
Incl. in p° / yfl
R = 0.5, | ¥ < 2.5|

[dp,(37 jet)

X
R
o
=l

| Gz,'},' |

-+ Data
== MCFM LO
—=— Scale unc.

Ratio to MCFM LO

p, (3" jet) [GeV]

PLB 678, 45 (2009)

Ratio to MCFM LO

Ratio to MCFM LO

ratios relative to MCFM v5.3 PDF: CTEQ6.6M

MCIM LO

-+ Data =:= PYTHI|A SO

=== HERWIG+JIMMY —-=Scale unc.
== PYTHIA QW
— Scale unc.

=== SHERPA
=== ALPGEN+PYTHIA  — Scale unc.
—~ Scale unc.

p, (3" jet) [GeV]

QCD at DO -- June 22, 2010

M2 = Ui = pr22 + MZ?

PYTHIA v6.416
Pythia Tune SO
Pythia Tune QW
HERWIG v6.510
+JIMMY v4.31

ALPGEN v2.13
+PYTHIA v6.325
SHERPA v1.1.1

+ Large differences
between models

+ Small experimental
errors, dominated by
statistics

28




/+jets - angul

® further constrains kinematics
® test of PS model assumptions

® first measurements at hadronic
C O I I i d e r Of Run 210879 Evt 24327122 Tue Oct 11 17:57:05 2005

ET scale: 44 GeV

® Ad(Z leading jet)
PY AY(Z, Ie adin g Jet) & \/ -

Run 210879 Evt 24327122 Tue Oct 11 17:57:05 2005

W X\
\ 2.0 LR RN\
SO ‘.‘/"‘h:;‘,\

® Vhoost = 1/2(yz+Vjet)

jetl
A, Ay

=Y/

Bins: 120
Mean: 1.51

jet2 “ e s
rapidity y = 1/2 In(E+p./E-pz) -
n = -In(tan®/2)
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/+ets

A (Z jet)
Ay (Z,)et)
Yboost<Z,jet) = VZ(YZ"‘Yjet)

Phase space:

65 GeV< Myuu < 115 GeV,
Reone=0.5, priet> 20 GeV
et < 2.8, |yH| < 1.7

pTZ > 25 GeV

(avoid soft effects)

Small values of
AP(Z,jet) excluded
from MCFM due to
importance of non-
perturbative effects

S Do

Angular distributions sensitive to additional QCD radiation

1/, x do, +J.et/qu) (1/rad)

Ratio to SHERPA

Phys. Lett. B 682, 370 (2010), arXiv.org:0907.4286

DY, L=1.0 fb™
-+ Data
== NLO pQCD + corr.

-+ SHERPA

(a)

e 65 <M< 115 GeV

ly*l <1.7, pZ > 25 GeV
Ruon=0.5, P >20 GeV, Iy*1<2.8
MR R ST RS

[ <+ Data
L == NLO pQCD - = LO pQCD
— Scale & PDF unc. — - Scale & PDF unc.

.I.

Jr

e
¥
’l
/
/ -~
4 /
4
VA 4 ///
¢ 7
Y ; /

SHERPA scale unc. ’ // (b)

I B B 1

] T
0.5 1 1.5 2 25 3
Ad(Z, jet) (rad)

Ratio to SHERPA

Ratio to SHERPA

[ <4 Data = PYTHIA Tune P
- —— HERWIG+JIMMY = = PYTHIA Tune QW

SHERPA scale unc.

AP B P BN R R
—4- Data == ALP+PY Tune P
[ = ALP+HER

= = ALP+PY Tune QW

| 2 | I2!5I -
Ad(Z, jet) (rad)

Sherpa describes shape of all distributions

QCD at DO -- June 22, 2010
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I
<1, p¥'>15GeV

¥¥1<08, ¥y >0 Huge statistics compared to W,Z
y*l1<0.8, y-y*" <0 : : : :
1s5<h”<25 y'y*-0|  Triple differential cross sections!

15< |y <25, y-y® <0

—~~

-
o

I[IIII|T| IIIIIIII| IIIIIlIIl IIIIII|T| IIIIII|T] IIIIIIIII IIIIlI|T| IIIIII|T| T TTI

dy'dy ™ (pb/GeV)

—_~

i
T

— NLOQCD Phys. Lett. B 666, 435 (2008), arXiv.org:0804.1107
JetPhoX ; : ; — ; -

CTEQ 6.5M

—r

-
(=)
LI

Y| <08, y"y* >0 0B 15<y”|<25, y"y® >0

d’% / dp

<
-y

—

B

T T

—
N
TT T

o
(o] =b
T LI

e
(=2
T LI |

o
S
T

200

Ratio of cross sections: Data/Theory

p! (GeV)

- O
DN
T T T

Y*I<08, y'y* <0 15<y™| <25, y.y® <0

—
H
T T

Allows for careful study of : | .
dynamics of QCD in different L e
regions of x and Q? ot 1

0.6: E —* ratio of data to theory (JETPHOX)

theor. scale uncertainty

N LO th eo ry cannot - CTEQS6.5M PDF uncertainty

ratio of MRST04 to CTEQ6.5M
ratio of Alekhin02 to CTEQ6.5M

simultaneously describe photon pr and ook 7%%iserer! romaizaton uncetiainy } 4 -~ rato of 2EUS05 10 CTEGS 5
. . 1. . 30 100 200 30 100
jet rapidity over entire measured range

py(GeV)
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Prompt Diphoto
® Prompt diphotons are FAMAAT e PAWAAT o VAT
produced directly in hard oo q m,
— Lawn i

scattering or through
quark fragmentation

L 4

Main backgrounds are

photon+jet or dijet
events

* data
RESBOS
— DIPHOX
PYTHIA
! PDF uncert.
-~ scale uncert.

H->yy currently main
channel for SM Higgs
discovery at low mass at LHC

-t

Q
—h

TTT

T

Data have harder
spectrum than
predictions

<)
>
Q
()
Y
Q2
Q.
~~
<
Q.
%
©

d

Q
N

TTT

—h
Qe
w»

Theory predictions:

PYTHIA: Parton Shower

DIPHOX: fixed order NLO calculation
RESBOS: Resummed calculation (to NNLL)

Phys. Lett. B 690, 108 (2010),
arXiv.org:1002.4917 QCD at DO -- June 22, 2010 32
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Prompt Diphot

< [Do,421fb" @ % [Dboa2m (b)
30 GeV < Myy < 50 GeV 310.1§§ i 3oeev.<:::t:5oeev 5 "0F 30 GeV < M < 50 Gev /
Ee [ % RESBOS £ [ ;
SN hmer | sy 4
- S '
© % PDF uncert. >
Further inspection of €' § —scalouncert| &
o o . Nb 1}
double differential cross | o1
SeCtionS Separates IOW and §2.2.':!!!lllllllll{Lllllllll.&L{ AAAAAAAAAAAAAAAAAAAAAAAAA .: §2g£ I 1
2 3 . - . w <2
high mass kinematics 248, 1 1 B
Sod S 503
© 0.5 e === - © 0.5
F OGSO 0 A0S0 F Y6 e 2 R ad a6 0e S
Py (GeV) Ao (rad)
‘;10"5-00, 4.2 fb™ (a) g " DO, 4.2 b (b)
80 Gev < MW < 350 Gev (g £ 80 GeV <M, < 350 GeV > 10_ 80 GeV < M, < 350 GeV
a [ * data S 3
n region where SM e N\ cpeer | £ )
n region where F & L
5 = mrorumeet ] 3 %
Higgs and New < L s |
5 - - o -
Physics is of most : -
interest, RESBOS 8 23...111“1.“,1 "TOOPY PP, PO PRPPY FTRTY | 3 » 3:1 Laaalaayl
: ? 1.5 | B3
gives excellent data 2 e b = g,%ﬁ
. . E L —' — . 2
description R e soSf . oo
e % 102030405060 708090100 & 9618 2 22 24 26 28 3

pf: (GeV) Ao (rad)
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Heavy flavor ta

Several approaches
Secondary Vertex Finding
Impact Parameter

Neural Network

} or combinations

-
o“r‘
-

(Signed) Track
Impact Parameter

» QCD analyses rely mainly on Jet Lifetime
Probability discriminant (JLIP)

= confidence level that all tracks in a jet

originate from the primary interaction §8°5
~ 70
» Flavor fractions are determined for b, c and S 6o
light jets by fitting with data or MC I
templates , '1 S %0
= 1600 DO, L =1.0f w 40
g I et - . 4-
& 1400} o data B 30 B - JLIP
] " brets P « SVT
e ot fots 20 > CSIP
1000} ~+ b+c+light jeis 10t o T
10 1
%009 Fake Rate (%)
mr—
- @
400—. | % .
e - Future plan: move to NN tagging
0 Al %eey

6 8 10 12

JLIP QCD at DO --June 22, 2010




/+b jets

> : CDF: 20 0 Z+ b jet. CDF RUN Il Preliminary

Q ——N NN D : } y RN I LU UL LN U UL UL

discrepancy with f—  tseTev o oo pas
NLO pQCD in

first bin

v —— PYTHIA incl.

EF'>20 GeV
<15 —— ALPGEN

)/o (@) [GeV'

g vooTT—e—o(

z
T

Statistics limited
measurement

(do (Z+bjet) /d P

DO Run Il Preliminary, 4.2 fb™

“ Interesting test of pQCD predictions and b-

quark fragmentation. Data

— Z+1

I 1 Z+b
“» Important background to the SM Higgs search : D_jtga(ﬁ
. n
in the ZH(—bb) channel. : Multjet

“* Probe of b-quark parton distribution function

Events / GeV
w
T o T T

N
o

“* O(Z+b) / o(Z+j) benefits from cancellations of
many systematic uncertainties
= precise comparison with theory

80 100 120 140 160
Dilepton mass (GeV)

QCD at DO -- June 22, 2010 3 6




/+b jets

: ) " DO Run Il Preliminary, 4.2 fb
» Jet flavor fractions determined from :
maximum likelihood fits of Monte :

: i —— Dat.
Carlo b, c templates and negative-tag : "~ buceNT data

(NT) data for light contribution L e e

— b jetMC
Using extracted fractions, jet pr

distribution is well- descrlbed

10
Z+b/Z+jet = .0176 £ .0024(stat) + .0023 (syst) [ —— .
-- in agreement with NLO pQCD R
(which has 20-25% scale uncertainty)

DO Run Il Preliminary, 4.2 fb™

(o]
o
o

Events / 5 GeV
S
—

CDF result:.0208 + .0033(stat) + .0034 (syst)
-- also agrees with NLO theory

DO y+b differential cross section vs pt also in
agreement with NLO (future slide)

» What about W+b?

QCD at DO -- June 22, 2010



W+b jets

CDF has big discrepancy with NLO in this measurement
— DO has embarked upon a measurement

Whb is dominant background in low-mass Higgs search

b-fraction determined from likelihood fit to Myert

Measure: o0(W+b jets)x BR(W->|v) Vertex Mass Fit

CDF Run Il Preliminary - 1.9/fb

4 Data

Alpgen prediction: 0.78 pb
Pythia prediction: 1.10 pb
NLO prediction: 1.22 + 0.14 pb

bottom contribution

charm contribution
- |_F contribution

Summed contribution
b= 71.3+ 4.7(stat) + 6.4(syst) %
c= 15.9 = 5.5(stat) %

LF = 12.6 = 3.5(stat) %

Result:
2.74 + 0.27 (stat) + 0.42 (sys) pb
— 2.5-3.5x bigger!

KS Prob= 84.8 %

Discrepancy with NLO and LO MC -

suggestive of need for improved theory:
® higher order corrections N
® b-quark fragmentation model - - - “ﬁiert (GeV/c?)

lllllll]lIlllllllllllllllllll|llll|lllllllll|l
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Y+Db,C jets

Sensitive to heavy-quark PDF
at higher x and Q* than HERA

DG, L =1.0fb""
Int

°y'y*>0
my'y <0

=2
+

o

+

X

NLO QCD
CTEQ 6.6M

Y
B RFf pT

T

d’c/ (dp’dy'dy ") (pb/GeV)

ly'| <1.0

y"'|<0.8
4ep; >15GeV T (x0.1)

20 40 60 80 100 120 140
p (GeV)

®-. (x0.3)

o

Relevant for heavy quark,
gluon PDFs for 0.01< x <0.3

8EDO.L, 100" <08 | yy" <0

P IC sea-like / CTEQ6.6M

B o*

7

Triple differential cross sections!

Phys. Rev. Lett. 102, 192002 (2009), arXiv.org:0901.0739

ly'| < 1.0

F e
_ 0 . :
AN 0% > 15 GeV |

- 7+b+ X

- —e— data/theory -
CTEQ6.6M PDF uncertainty [
IC BHPS / CTEQ6.6M

Scale uncertainty

40 60 80 100 120 140 40 60 80 100 120 140
P, (GeV)

Some disagreement with theory
for photon pr > 70 GeV in yY+c

QCD at DO -- June 22, 2010 3 9



http://arxiv.org/abs/0901.0739
http://arxiv.org/abs/0901.0739

CDF/

Lidija Zivkovic (DO)
Sabine Lammers (DO0)

Charge.

e Facilitate communication between CDF and DO to coordinate our V+jets
measurements in such a way that a coherent physics message is brought to the
HEP community

¢ Facilitate communication between experimentalists and theorists to ensure that
e good choices of MC parameters are made when comparing data and theory
e experimentalists are running the theory programs correctly
e theorists understand the meaning of data measurements

e Provide a forum where algorithmic techniques relevant to V+jets measurements
can be discussed, and bring insights back to experiments

¢ I[mpress upon the HEP community the importance of understanding these
processes as backgrounds to Higgs and BSM searches

e Participate in data storage algorithms: HEPDATA, Rivet, etc.




o, difvactve R
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Delta-phi in MinB

highest pr track

MinBias Interactions, Underlying Event dimuon selection
only study

Want simple, inventive variables: high quality tracks

e Ad(highest pr track, other tracks)
e robust variable: no correlation for fakes

normalized distributions

in two rapidity regions A¢ subtracted, normalised [n| < 2

DO Preliminary
\'s =1.96 TeV

o
o
o

A¢ subtracted, normalised | < 1

DO Preliminary
\'s =1.96 TeV

) / (n/50)

o
=)
©

o

o

()]
I

T
min

e Data

) / (n/50)

o
(=)
~

————— PYTHIA Tune A

o
(=)
5

T
min

Data

e
(=)
o

— — PYTHIA Tune PO

YZ(NT-N

S PYTHIA Tune A

"}, | —— PYTHIA GAL

T
min
=
o
W

)E(NT =N
o
o
(3]

— — PYTHIA Tune PO

o
(=4
N

T T

T
min.

o ¢

o

S
rrryrrrrrjprrbri
(NT-N

— PYTHIA GAL

(NT-N
o
o
w

o
o
N
T
o
o
g
T 1

eillll

3
Ao

also studying resonance
production underneath Z events ,,
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Double Parton |

Look for two hard scatters Provides complementary

in same p-pbar interaction information on
proton structure

- DD Preliminary

5 PYTHIA 6.4

1/N dN/d AS

- * AS;y+3jets, IFSR=ON, MPI=OFF | —&—

A ASy+3jets, IFSR=OFF, Tune A-CR

Discriminant: DP Type II DP Type |lI

- A vyget: jetijeix ' jet1 \
AD - AC’ ‘p'l" Je " le JrJ ) pIT pT
\ /

A¢ - an azimuthal angle between ' - '. | iet3 pj:ts
two best pT-balanced pairs. plet2 T | |
T pjet1 pjet2
T T

T pjetw
T
dominant

background
QCD at DO -- June 22, 2010




Double Parton S

| 2 AR
_L‘llli(j)l_)’,l.l +’A(I‘-’:j,k}'|

RV sely,i)! 1oplj,k)

2
|

2 . ‘
1Pk |
':, ,Opylbj,k‘l‘.

DP Properties in the works:

e unfolding distributions

e triple parton interactions

e parton x correlations
= provides information for
building optimal MPI model

D@, L _=1.0fb"

o
o

I

e
d)]

2

o
W

IIIIIIIIIIIllllllllllllllllllll

Fraction of DP events
o
=

o
V)

® from AS 5
1 from ASIO
]

from ASp,

.I...I..IIT...I...I...I...I...
16 18 20 22 24 26 28 30
pF” (GeV)

o
—

o

- DG, L =1.0fb"

Effective cross section is
approximately constant
across pr bins and in

agreement with previous
CDF Result

1 I 1 1 1

25 30
p;* (GeV)

oo =16.4+0.3(stat)+£2.3(syst)mb
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Elastic Cross Se

Special store for FPD with B5,=1.6m. Only 1 proton and 1 pbar bunch Colliding.
Separators OFF, heavy scraping. Integrated Lum~30 nb-1

: 3.§7

Two sets of POT positions: A\ weom

Lumi(nb-) [PiE—

>

SET 1 183 | —

SET2 12.6 : 6 layers of scintillating fibers
forming 3 planes with
Second set: corners of pots overlap - useful for Alignment ' different fiber orientation

——

WALV
SERbAM bR
- uEEImTILNREL
 EERVEbEAEA

-
o
w

Huge amount of work:

® dedicated triggers

e FPD efficiencies

e FPD alignment

® acceptances

e halo background estimation
e luminosity determination

do'dt (mb'GeV?)
C)

-

I l I I -4 | 1 1 1l : L 1 L : 1 1l 1 : 1 1 1 : 1l M L 4 h . (1.12 ! )
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QCD measurements and publications are on the rise

® higher statistics -> measurements become systematics limited

® we will learn much more, especially in W/Z/y + heavy flavor by
looking at more data

Precision physics => this has taken us years to achieve

Our inputs to PDF fits are world class

W/Z/y + jets measurements crucial for understanding backgrounds
to NP and SM Higgs searches

® we have some interesting theory discrepancies

QCD Legacy measurements are being made at DO now!

See DO QCD Public Webpage for details and many more plots

QCD at DO -- June 22, 2010



Outlook

® Tevatron wil

® there will

continue to run t

nroug

be a 1-month shutd

own t

N P20

NS summer

® Discussions/Studies for extending the Tevatron run through
2014 are ongoing within the experiments

® QCD Physics with 12 b1 ?

nclusive Jets at high pT

W/Z/y + b(b) cross sections

Dijet X to search for BSM physics

D-jet energy scale from Z->bb

Determinations of as from multijet production

Dijets: triple differential cross sections are ultimate source of
PDF information

Diphoton cross sections in central, forward region

Fxclusive production of Z, di-EM states

QCD at DO -- June 22, 2010



Final Thought

A concerted effort by experimentalists and theorists is needed to
resolve existing puzzles and improve theoretical predictions which
are critical for NP searches at both the Tevatron and LHC.
Tuning to Tevatron data is a good opportunity.

Run 210875 Evt 24327122 Tue Oct 11 17:57:05 2005

QCD at DO -- June 22, 2010
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NLO pQCD cal
& MC Models

o ﬁQCD redictions calculated with MCFM, Rocket, JetPhoX, fastNLO,
LOJET++,...

® Many LO MC programs on the market:
® MEPS: Alpgen, Sherpa, Madgraph, Helac, Madevent, ...
® PS: Pythia, Herwig, Ariadne, ...

® CKKW

® the separation of ME and PS for different multijet processes is achieved
through a kr-measure

e undesirable jet configurations are rejected through reweighting of the

matrix elements with analytical Sudakov form factors and factors due to
different scales in o

° MILM

® matching parameters chosen, ME and PS jets matched in each n-parton

multiplicity, events vetoed which do not have complete set of matched
jets

® further suppression required to prevent double counting of n and n+1
samples (replaces Sudakov reweighting in CKKW)

QCD at DO -- June 22, 2010
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Exclusive Dijet P

signal

p p

background

Exclusive diffractive dijet (EDP) Single diffractive (SDS)

require 2 central jets,
study forward region

» Study mechanism of EDP

background

>

p — ' p
Inclusive double pomeron (IDP)

production at high dijet mass

» Discriminant: A=

exp(—

20< |ieta| <30

designed to discriminate
against different bkgrds
simultaneously

NDF= non-diffractive
QCD at DO -- June 22, 2010

Discriminate against IDP
Discriminate against NDF




Exclusive Dijet Pr

£10°E_Do Preliminary, 30 pb" ~ Rata » Discriminant works well

SD : .
=10° m DP » 26 candidate events in A >.85,

"51°: —EDP 5.4+2_ background events
010 ———— '
: » 4.10 evidence of EDP

0
£10° ===
-

1
0 0.2 04 06 0.8

- D@ Preliminary, 30 pb = D@ Preliminary, 30 pb’

—

- —e

el T

0 150 200 250 _ 300
. [GeV]

O
4
Q
O
4
o
<
-
<
=)
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Direct Diphot

* Major background to H—=yy
e Data corrected to particle level
using bin-by-bin unfolding
e Tools from W mass analysis
e Data/Theory discrepancies
e |argest at low mass, where
go contribution dominates

DIPHOX
PYTHIA

PDF uncert.
scale uncert.

® .

Ratio to RESBOS

TYT[YrrIr|res
2

LTTTTITY 71'] Ty T 1

ol
i | e

n

N
o

* data
RESBOS
DIPHOX

~ PYTHIA
PDF uncert.
scale uncert.

b
o

—— DIPHOX
~ PYTHIA
PDF uncert.
scale uncert.

® .
>

Ratio to RESBOS
RS

Ratio to RESBOS
N

—
.
"

- N w
w N O wn
T TTP 1‘IYYT*I*YTYTTT ITTTTTTWTT[TTTT

-

TTTT1

o
o

=TT

-

O

PR ST TR T T |

80 100
p) (GeV)
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Diphoton - do

[FoGeV <M, <50 GaV |
do _

- ® data

3t e
dMyy‘dA¢yy

/ 30GeV < M”<50GeV

[60GaV <M, <80 GaV |

]

=0k

50GeV <M, <80GeV ¥ |

® data
RESBOS
= DIPHOX

Ratio b RESBOS

| 80 GaV <« M,, <350 GaV |

)

® dawa

g, .
\8OGeV <M, <350GeV g | —coox
5

12/10/2009 QCD Group meeting Xuebing Bu
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/->UU + jet + X -

Particle level phase space: theory predictions

65 GeV< My, < 115 GeV, updated since publication
DO midpoint Reone=0.5, pret> 20 GeV

P <238, [y <1.7

muons include QED radiation ratios relative to

Sherpa 1.1.3

DY, L=1.0 fb’'
—4-Data
== NLO pQCD + corr.

- SHERPA

—4- Data == PYTHIA Tune P

— HERWIG+JIMMY = = PYTHIA Tune QW + NLO prediction with
Z p1<30 GeV sensitive to
underlying event
+ All LO predictions

, underestimate data
65 <M, <115 GeV, ly'1<1.7 | ;
Reone=0.5, P°' >20 GeV, y*1<2.8 ' SHERPA scale unc. normalization

TTTT] T T T 11T
.'.i
l~'
1
s

Ratio to SHERPA

T l| T
-~
]

1/0, x do,/dp_(1/GeV)

—
Q
~

T llllllll

[TTTT]

—+- Data
== NLO pQCD = =LO pQCD

. — Scale & PDF unc. — — Scale & PDF unc.

"+ Data - ALPsPYTuneP | Pythla can be tuned to
= ALP+HER = = ALP+PY Tune QW
: reproduce data

Ratio to SHERPA
Ratio to SHERPA

All cross sections normalized
to inclusive Z production
to reduce systematic errors

0.7F - - 0.7F

SHERPA scale unc. ~ SHERPA scale unc.
P BT BT B BT SRR BT SRR SRR | | P PR B BT RS BT BT BT |

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
pz (GeV) pZ (GeV)
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/->UU + jet + X -

N
o
o

Particle level phase space: theory predictions

65 GeV< My < 115 GeV, updated since publication
DO midpoint Reone=0.5, pr¢t > 20 GeV

B - 238, [y <1.7
muons include QED radiation

" D@ Run ||
S]]

ratios relative to : v [
Sherpa 1.1.3 = e [

: 80 . ..opOd =
< 107 DG, L=1.0 for ~- Data == PYTHIA Tune P - = 0000 o
- ~+-Data

60 .. :
== HERWIG+JIMMY = = PYTHIA Tune QW - o O[]0 = _
== NLO pQCD + corr. N

- 0O Oo -
- SHERPA

-
o o
o O

TT T TT7

T

—

N

o
TT

Particle Jet p_ (GeV)

40:_ Owe - -

20 g

—_l
Q
@

Ratio to SHERPA

:\ cetl et b b b b b P b
Cb 20 40 60 80 100120140160180 200
Measured Jet P, (GeV)

migration matrix
E 65<Mw<11_5GeV’ |))*|<1._7 : -> Used tO UnfOId data
i > 20 GeV, Iy*1<2.8 ' SHERPA scale unc. Iarge migrations

N N N N N | N N N N N N | ’

Rcone=0-5’ pT i
—— Data == ALP+PY Tune P . | | |
— ALP+HER - = ALP+PY Tune QW especially at low pr

1/0, x o, /dp_(1/GeV

—
Q
EN

—4- Data
— NLO pQCD - =LO pQCD

| — Scale & PDF unc. — — Scale & PDF unc.

MCFM v5.4 PDF: MSTW2008
M2 = Ui = prz2 + MZ?

PYTHIA v6.420
Pythia Tune P
Pythia Tune QW
SHERPA scale unc. ol SHERPA scale unc. HERWIG v6.510 + JIMMY v4.31

50 100 o 10 200 ALPGEN v2.13+PYTHIA v6.420

@Y ALPGEN v2.13+HERWIG v6.510
PLB 669, 278 (2008) QCD at DO -- June 22, 2010 56
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/->ee + |el .

Particle level phase space:
65 GeV< Mee < 115 GeV,
DO midpoint Reone=0.5, pr/et> 20 GeV
it < 2.5, Incl in pr¥/|ye|

DO Run I, L=1.04 f'| —#= Data at particle level
=== MCFM NLO

Z/Y’ (—ee)+1jet+X]
65 <M, < 115GeV|
Incl. in p° / y°|

jet
Rcone =

- Data
w— MCFM NLO == MCFM LO
— Scale unc. —=— Scale unc.

(b)

—t
llllllllllll

o

Ratio to MCFM NLO

o
o

20 30 40 30 100 200 300
p, (1% jet) [GeV]

PLB 678, 45 (2009)

Ratio to MCFM NLO

Ratio to MCFM NLO

N
o

1 1 lllllllllllll

ik
()]

—
o

ot
&

|

n
o

lllllllllllll

ki
(6)]

—
()

O
&)

antiproton

normalized to
inclusive Z production

ratios relative to  MCFM v5.3 PDF: CTEQ6.6M
MCFM NLO M2 = P2 = pr.z2 + MZ2

-+ Data == PYTHIA SO
== HERWIG+JIMMY —-=Scale unc.
w PYTHIA QW PYTHIA v6.416

— Scale unc. pythia Tune SO

Pythia Tune QW

HERWIG v6.510
+JIMMY v4.31

—_
O
~

ALPGEN v2.13

= otEREA +PYTHIA v6.325
== ALPGEN+PYTHIA — Scale unc.

—— Scale unc. B e SHERPA v1.1.1

+ Large differences
between models
20 30 40 50 = e+ Small experimental
pr (1%jet) [GeVI errors
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W+c jets

Sensitive to s-quark PDF

NLO prediction: 11.0 pb
Result:

measure O(W-+cjets)xBR(W->|v)
= 9.8 + 2.8 (stat)™'*1 ¢ (sys)

o(pp — W+c-jet)

+ 0.6(lumi) pb.

DO
L=11fb"

Alpgen (v2.05) + Pythia (v6.323)

jet P [GeV]

OWe X BR(W — eV) =

0OS-SS 0S-SS
tot kag

Acc- [ L dt

__1Wc
I W+LF
[ ] Other

rg
n
—_—

0OS-SS Events / 3 GeV/c

e Data (~1.8 b ) E e Data(~1.8b")

overflow bin

10 15 20 25 30 35 )
SLT muon p; [GeV/c] O SLT muon Pr re [GeV/c]

] Wc
B W+LF

[ Other

overflow bin

B o
005 115225335445

Phys. Rev. Lett. 100, 091803 (2008) . arXiv.org:0711.2901

Alpgen prediction: 0.04 pb
Result: measure a(W+cjets)/a(W+jets)
= 0.074 £ 0.019 (stat) £ *0-012 514 (sys)

Phys.Lett.B666:23-30 (2008), arXiv.org:0803.2259
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http://link.aps.org/abstract/PRL/V100/E091803
http://link.aps.org/abstract/PRL/V100/E091803
http://arxiv.org/abs/0711.2901
http://arxiv.org/abs/0711.2901

/+b jets

/ = ee/UPd + b + X
REET > 20 GeVv, R=0.7
et |n| < 1.5

secondary vertex tagging

|X
-
o

V=196 TeV o CDFData

4

lér: 20 f:ev — PYTHIA incl.
#1520

Fl1.5 e ALPGEN

G(Z+bjet) /6 (2)

I TTTITIIIIII

— MCFM +Had.Corr.

Measure:
O(Z+b jets)
= 3.32 + 0.53(stat)
a(Z) + 0.42(sys) x 103

LI

ol e b b b

IITT[TT 1

|

b,c quark fractions determined from
likelihood fit to secondary vertex mass . o

T T | T 1T T T | T T T T | T T 1T T | T T T T | T T 1T T | T 1T T T
s=1.96 TeV o CDF Data
-
L~20fb"  __ pyTHIA NG

EF'>20 GeV
meicts T OEN

Number of b jets

—r
10
4 &

Pythia can Up to 20
describe differences
overall shape, between
normalization  data & MCFM

PYTHIA v6.2 |
_Tune A, CTEQ5L b-quark fragmentation

ALPGEN v2.13 may need study
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Lowering scale choice Higher order corrections ~ Z+b/Z+jet ratio
helps to describe data may be important  consistent with DO
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